Abstract. We present a theoretical treatment of the ascent, emplacement, and eruption of magma on Mars. Because of the lower gravity, fluid convective motions and crystal settling processes driven by positive and negative buoyancy forces, as well as overall diapiric ascent rates, will be slower on Mars than on Earth, permitting larger diapirs to ascend to shallower depths. This factor also favors a systematic increase in dike widths on Mars by a factor of 2 and, consequently, higher effusion rates by a factor of 5. As a result of the differences in lithospheric bulk density profile, which in turn depend on differences in both gravity and surface atmospheric pressure, magma reservoirs are expected to be deeper on Mars than on Earth, by a factor of about 4. The combination of the lower Martian gravity and lower atmospheric pressure ensures that both nucleation and disruption of magma occur at systematically greater depths than on Earth. Although lava flow heat loss processes are such that no major differences between Mars and Earth are to be expected in terms of flow cooling rates and surface textures, the lower gravity causes cooling-limited flows to be longer and dikes and vents to be wider and characterized by higher effusion rates. Taken together, these factors imply that we might expect compositionally similar cooling-limited lava flows to be about 6 times longer on Mars than on Earth. For example, a Laki type flow would have a typical length of 200-350 km on Mars; this would permit the construction of very large volcanoes of the order of 500-700 km in diameter. For strombolian eruptions on Mars the main difference is that while the large particles will remain near the vent, the finer material will be more broadly dispersed and the finest material will be carried up into a convecting cloud over the vent. This means that there would be a tendency for broader deposits of fine tephra surrounding spatter cones on Mars than on Earth. On Mars, strombolian eruption deposits should consist of cones that are slightly broader and lower relative to those on Earth, with a surrounding deposit of finer material. Martian hawaiian cones should have diameters that are about a factor of 2 larger and heights that are, correspondingly, about a factor of 4 smaller than on Earth; central craters in these edifices should also be broader on Earth by a factor of up to at least 5.
least 1 order of magnitude finer than in terrestrial equivalents because of the enhanced magma fragmentation on Mars. Differences in the atmospheric pressure and temperature structure cause Martian plinian eruption clouds to rise about 5 times higher than terresthal clouds for the same eruption rate. Essentially the same relative shapes of eruption clouds are expected on Mars as on Earth, and so the cloud-height/ deposit-width relationship should also be similar. This implies that Martian fall deposits may be recognized as areas of mantled topography with widths in the range of several tens to a few hundred kilometers.
A consequence of the lower atmospheric pressure is that Martian plinian deposits of any magma composition will be systematically finer grained than those on Earth by a factor of about 100, almost entirely subcentimeter in size. Basaltic plinian eruptions, rare on Earth, should be relatively common on Mars. The production of large-scale plinian deposits may not signal the presence of more silicic compositions, but rather may be linked to the enhanced fragmentation of basaltic magma in the Martian environment or to the interaction of basaltic magma with groundwater. The occurrence of steep-sided domes, potentially formed by viscous, more silicic magma, may be largely precluded by enhanced magma fragmentation. Pyroclastic flow formation is clearly inherently more likely to occur on Mars than on Earth, since eruption cloud instability occurs at a lower mass eruption rate for a given magma volatile content. For a given initial magma volatile content, eruption speeds are a factor of at least 1.5 higher on Mars, and so the fountains feeding pyroclastic flows will be more than twice as high as on Earth. Pyroclastic flow travel distances may be a factor of about 3 greater, leading to values up to at least a few INTRODUCTION Analysis of the images returned from the Mariner and Viking missions has produced abundant evidence for a variety of volcanic landforms on Mars [e.g., Carr, 1973 Carr, , 1981 [Head and Wilson, 1987, 1992b] . We first examine modes of magma production in the Martian interior and then assess processes of magma ascent, analyzing the shallow density structure of the crust and lithosphere and its potential influence on the production of zones of neutral buoyancy. Following this, we examine processes of gas exsolution at shallow depths and methods by which the range of eruption products is manifested in the creation and growth of deposits and landforms. Finally, we compare theoretical predictions with the range of landforms that have been revealed by Mars exploration and use these observations as a basis to investigate a number of problems in the thermal and volcanological history of Mars. On the basis of an assessment of the crustal configuration of Mars and a theoretical treatment of the ascent and eruption of magma through this crust in the Martian gravity and atmospheric environment, we find that the full range of volcanic eruption styles observed on Earth is to be expected. It is clear, though, that Martian environmental conditions operate to modulate the various eruption styles and the morphology and morphometry of resulting landforms. Using these theoretical predictions as a basis, we compare observed deposits and landforms and find general agreement, as outlined above. In several cases we find that theory provides new insight into Martian volcanological problems. For example, the effects of gravity and cooling should cause compositionally similar cooling-limited flows on Mars to be about a factor of 6 longer than those on Earth, thus providing a potential explanation for the flows several hundred of kilometers long that build the major Martian edifices. Similarly, theoretical analysis of plinian air fall and pyroclastic flow emplacement provides a basis to distinguish these types of deposits in Martian volcanoes, and analysis of the geologic record supports the view that both types of eruptions took place around several Martian volcanic centers. This analysis also provides some perspective on several other problems in Martian geology and history.
sistent with a variety of pyroxene types and abundances (predominantly clinopyroxene) and almost no evidence for abundant olivine Pinet and Chevral, 1990; Bibring et al., 1990; Mustard et al., 1993] . Third, chemical analyses of surface soils at the two Viking lander sites did not fit any known terrestrial rock types and were interpreted to be soils modified by exogenous salts [Toulmin et al., 1977] or volcanic gases [Settle, 1979] ; the parent rocks were interpreted to be distinctly mafic in composition [Clark et al., 1982] . Fourth, analysis of the characteristics of lava flows on Martian shield volcanoes and interpretation of their rheological properties suggest flows with yield strengths and viscosities which have been cited as evidence for mafic basalts [Hulme, 1976; Moore et al., 1978; Cattermole, 1987] and basaltic andesites [Zimbelman, 1985a, b] .
Information obtained through analysis of the characteristics of SNC meteorites interpreted to have been derived from Mars [Wood and Ashwal, 1981 ] represent a fifth approach. These matehals are very similar to terrestrial basaltic and ultramafic rocks, and some can even be classified as komatiitic [Baird and Clark, 1981] , leading to the conclusion that ultrabasic volcanism is more important on Mars than on the Moon and present-day Earth [Treiman, 1986] . On the basis of the characteristics of the SNC meteorites, the Martian mantle is also thought to have a high Fe/Mg ratio relative to the Earth [Dreibus and Wanke, 1984] . Experimental petrologic studies on melts derived from such mantle compositions showed evidence for tholeitic, picritic, and komatiitic melts with increasing degrees of partial melting, but the relative abundances of these compositions could not yet be determined; at lower pressures and in the presence of carbonate, carbonatitic and possibly kimberlitic, primary magmas may form Holloway, 1989, 1990] . Analysis of the SNCs from the point of view of magmatic processes [Longhi, 1990] shows the parent magmas to be high-Fe, low-A1 liquids with high densities (2750-2960 kg m -3) and low viscosities (0.4-12.8 Pa s) [Longhi and Pan, 1988] and with the possible presence of CO2. Longhi and Pan [1988] suggested that some of the SNCs could be related to each other by assimilation of a component rich in K and other incompatible lithophile elements; this and the lack of negative Eu anomalies in the parent magma compositions have been interpreted to favor interaction with an Earth continentallike crustal component on Mars during magma ascent. Apparently, flows and shallow intrusions represented by the SNC meteorites did not undergo significant hydrothermal alteration, and the parent magmas contained less H20 than a typical terrestrial basalt [Longhi, 1992] In summary, these data and approaches suggest that the observed lava flows are likely to have basaltic to ultramafic compositions, with perhaps some of the shield volcano flows being more evolved in composition. Although remote sensing data suggest that basalt is widespread on the surface, there is some circumstantial evidence that the crust might contain more granitic components. For our analyses, we adopt a basaltic composition for mantle-derived melts and entertain the possibility of melts ranging out to komatiitic in composition. We also consider the possibility of compositionally evolved magmas derived from either (1) evolution in magma reservoirs (in situ processes) or (2) crustal contamination and mixing (ab initio processes). The well-established presence of the volatiles CO2 and H20 on the surface and in the atmosphere of Mars [Owen, 1992] suggests that it is appropriate to explore the consequences of at least these two volatiles being present in the variety of chemical types of ascending and erupting magma.
The crustal and lithospheric structure of Mars (Figures l a and lb) has been studied by a variety of techniques. Using the global gravity field, Bills and Ferrari [1978] inferred a mean global thickness of crust of assumed basaltic composition of 34-40 km, with maximum thicknesses under Tharsis (61-77 km) and minimum thicknesses under Hellas (8-10 km). The derivation of this thickness of basalt from the upper mantle strongly implies that upper mantle source regions for later partial melts will be more depleted than earlier ones and that there may be an evolutionary trend of compositions as a function of time and degree of upper mantle depletion. Indeed, the SNCs are known to be derived from a depleted mantle on the basis of isotopic [Nakamura et al., 1982] and petrologic [Longhi and Pan, 1989 ] evidence, and they have young crystallization ages (probably <1.3 Ga). Schubert et al. [1992] link thermal evolution models to the derivation of crust as a function of time, estimating a maximum crustal thickness of 154 km for a fully differentiated Mars. We will return to the question of the relation of volcanic flux and thermal evolution.
The basic crustal configuration is modified by exogenic and surface processes (Figure lb). These include the production of a megaregolith during the early bombardment history of Mars which, on the basis of the lunar analogy [Short and Forman, 1972; Hartmann, 1973; Head, 1976] , would be characterized by an outer layer of allochthonous breccias (basin and crater ejecta-1-2 km thick) [Fanale, 1976] , an intermediate layer of autochthonous breccias (highly fractured and brecciated substrate up to about 10 km depth), and a deeper layer of fractured and cracked crustal material (down to about 25 km on the Moon). The depth to unmodified, compacted, or annealed crustal material is in the range of 8-12 km [Clifford, 1981 [Clifford, , 1984 [Clifford, , 1993 (Figure 2 ). There is clear evidence of water and water ice in the subsurface of Mars, and its presence will influence the structure of the uppermost crust, filling in voids and causing alteration of crustal mineralogy and production of clays and carbonates, etc., perhaps extending the porosity down to depths of 16 km [Squyres et al., 1992] . This presence of groundwater and ground ice will also be important if magma resides in this realm or passes through it (Figure 3a) , an issue discussed in section 2.4. In addition, in the uppermost layers of the crust, eolian, fluvial, volcanic, and mass-wasting deposits, will provide local to regional perturbations [Carr, 1979] to the megaregolith 
Magma Production, Ascent, and Creation of Primary and Secondary Reservoirs
We assume that the basic processes controlling partial melting of mantle materials and magma segregation at depth are the same on Mars as on Earth [Elder, 1987] : Rayleigh-Taylor instabilities [Elder, 1976] [Oxburgh, 1980] of the ascending mass, and melt segregation is driven by gradients in density, compaction, or deviatoric stress [Sleep, 1988] . Relatively deep magma reservoirs can form in several mantle environmental settings [Head and Wilson, 1992b] . Some of the most important ones result from the fusing of the head of a rising diapir or hot spot as the adiabatic temperature reaches the melting point curve and voluminous pressure release melting occurs, producing a large, partially molten magma source region (a deep reservoir). The history of the reservoir is related to the evolution of the diapir or plume, the thermal and density structure of the material in which it occurs, and the instabilities that develop in the deep reservoir. Deep reservoirs also occur in conjunction with rift zones as a result of crustal thinning, localized mantle upwelling, and pressure release melting, related to regional extension or deeper patterns of mantle convection. Factors other than density can exert controls on the upward migration of plumes and magma batches. Ascending diapirs may stall upon encountering the rheological barriers of cooler more viscous surroundings such as the outer thermal boundary layer, the lithosphere. If the magma is still buoyant, instabilities may develop in the source region or the viscous lid and smaller diapirs may ascend; or, depending on the rheological properties of the country rock [Rubin, 1993] , dikes may propagate from the stalled diapir or deep magma reservoir. In some cases, this material may migrate to the surface, causing eruptions; alternatively, it may stall in the crust, creating intrusions. Commonly, however, magma reaches shallow levels where it achieves a neutral buoyancy with the surrounding country rock because of the decreased density of the shallow crustal materials (Figures 1 and 2) . If sufficient material reaches this level, a secondary reservoir centered on a neutral buoyancy level can be created, as is the case for Kilauea volcano [Ryan, 1987] .
The details of the above processes depend on the exact nature of the physicochemical inhomogeneity of the Martian interior. Even though this knowledge is incomplete and sketchy, it is important to point out some general differences to be expected between Mars and the Earth. First, all conductive heat transfer processes in the Martian interior will occur at the same rate as on Earth, since these depend only on the thermal diffusivities of the constituent silicates, which are almost independent of composition. Second, at any given spatial size scale, all fluid convection motions (and consequent convective heat transfer) and crystal settling processes driven by positive or negative buoyancy will be slower on Mars than on Earth owing to the lower gravity; overall diapir ascent rates for bodies of a given size will also be slower for the same reason. Since heat loss from diapiric bodies is limited mainly by conductive heat transfer into the surrounding rocks, it is likely that the size scale of diapirs able to ascend to a given (shallow) level in the Martian lithosphere will be systematically larger than on Earth. We will return later to investigate the possibility that such bodies might form the nucleus of the major volcanic centers on Mars, such as the Tharsis volcanoes.
On Earth, magma from deeper sources ascends through the outermost ten to a few tens of kilometers of the lithosphere by generating brittle fractures in the surrounding rocks. The magma occupies these fractures to form dikes (which may or may not reach the surface) and sills. In zones where the country rock density variations cause large numbers of dikes to be localized, shallow magma reservoirs (commonly called magma chambers, though their geometry may be complex) may be formed. The temperatures, temperature gradients, and country rock physical properties expected in the outer parts of the Martian lithosphere [Elder, 1987; Schubert et al., 1992] are sufficiently similar to those of the Earth to imply that similar processes should be involved; however, the difference in gravity between Mars and the Earth produces a number of systematic differences in the properties of dikes and ascent rates of magmas within them.
The width of the fissure system which opens to the surface in any particular eruption will be controlled by the amounts and spatial gradients of accumulated strain in the case of eruptions which are initiated by extensional regional tectonic forces or by the excess pressure in the magma reservoir in the case where this pressure initiates the eruption by exceeding the strength of the surrounding rocks. Rubin and Pollard [1987] [1989, 1990] addressed the question of the influence of gravity on dike widths and eruption rates on the planets. They found that when dike propagation is limited by the requirement that the stress intensity at the dike tip overcomes the effective fracture toughness of the country rocks, the above treatments of dike shape and propagation imply that the mean width of a dike should be inversely proportional to the cube root of the acceleration due to gravity and its length perpendicular to the direction of magma motion should be inversely proportional to the gravity raised to the power 2/3. When motion is laminar, flow velocities of magmas in dikes are proportional to the total pressure gradient acting on the magma and to the square of the dike width; in turbulent motion the velocity is proportional to the square root of the product of the pressure gradient and dike width. Mass fluxes moving through dikes are proportional to the flow velocity and to the cross-sectional area perpendicular to flow. These relationships are discussed for eruptions on Earth, the Moon, and Venus by Wilson et al. [1980] , Wilson and Head [1981a] , and Head and Wilson [1986] . Collecting together all of the above relationships and the dependencies on gravity, it is implied that for the commonest circumstance of a magma being erupted to the surface from an overpressured magma reservoir, the dike connecting it to the surface will be 1.35 times wider on Mars than on Earth and 1.8 times longer in outcrop. The magma flow speed when conditions are laminar will be 1.8 times greater than on Earth for the same excess reservoir pressure, and the discharge rate will be just less than 5 times greater. The corresponding figures when the magma motion is turbulent are a factor of 1.17 for flow speed and almost exactly 3 for eruption rate. Clearly, this will influence lava flow lengths and other eruption factors.
A lower limit on ascent speed is set by the requirement that the magma must not cool so much during its rise that its yield strength becomes large enough to prevent it moving through the fissure system [Wilson and Head, 1981 The upper limit on magma ascent speed is set by the mean width of the widest dike that can be formed in a given stress environment. The above relationships suggest that if regional stress regimes are similar on Earth and Mars, eruption rates may be systematically higher on Mars by a factor of 5 for magmas of similar viscosity flowing in a laminar fashion and by a factor of 3 (independent of magma rheology) for very high discharge rate events where magma motion is turbulent; we show later that this will have a bearing on both the likely range of lengths of lava flows and on the likely rise heights and dispersal areas of explosive eruption clouds.
Secondary magma reservoirs commonly evolve with their centers at neutral buoyancy levels [Rubin and Pollard, 1987] , that is, at depths where the magma density is equal to the density of the country rocks. Implicit in this statement is the idea that, on average, the magma in a chamber is less dense than the country rocks surrounding it in the lower part of the chamber and is more dense than the country rocks in the upper part of the chamber. In general, silicate mineral phases expand on melting, and so, the positive buoyancy of magma in the lower part of a chamber is to be expected. The negative buoyancy at higher levels is due to the fact that the shallower layei's of country rock in volcanic areas are likely to consist of ancient lava flows, ash deposits, and other low-density material (Figures 1 and 2 ) which are either vesicular or poorly compacted (or both) and so have a significantly lower bulk density than they would have if completely compacted.
Shallow magma chambers are enlarged by the injection of melt from below. The melt bodies rise buoyantly from deeper zones of partial melting and accumulation as equant diapiric bodies or as much more elongated dikes. The geometry of the rising body is controlled by the rheology of the country rocks and the stress distribution in its vicinity, in turn a function of the density difference between the melt and its surroundings and the rise velocity. Each new melt body added to the existing reservoir brings with it a finite volume and a finite internal pressure in excess of the ambient lithostatic pressure. The new size, shape, and pressure state of the reservoir reflects a constantly readjusting balance between its internal volume and the stress state of the surrounding rocks [Blake, 1981] .
One method of adjustment to the addition of new melt is a general enlargement of the chamber and the compression of its contents and the surrounding rocks. An alternative is the propagation away from the chamber wall of a dike or sill. If the distal end of a dike reaches the surface, causing an eruption, or if the proximal end of a dike or sill disconnects from the chamber wall and the magma propagates away as a separate intrusive body, the reservoir volume is reduced. But if a dike or sill remains connected to the wall and fails to intersect the surface, the net effect is simply a readjustment of the magma body to a new shape which involves a reduction in total stress. Clearly, the depths and detailed shapes of magma reservoirs are not controlled by hydrostatic forces alone. However, on average, the center of a reservoir is likely to reside at the level of neutral buoyancy.
Density Structure of the Shallow Crust and Lithosphere and Development of Neutral Buoyancy Zones
The density structure of the crust in which a reservoir forms and on which a volcano builds is crucial to the determination of reservoir depth and edifice growth [Head and Wilson, 1992a, b] . On the Moon the density barrier represented by the anorthositic highlands causes magma reservoirs to stabilize at the base of the crust at depths of about 60 km; shallow reservoirs are unimportant, and because of this, no major shields are found on the lunar surface [Head and Wilson, 1991, 1992a] . On Venus the anomalously high atmospheric pressure influences the gas exsolution of rising magma and thus the density structure of the shallow crust; at the lowest elevations and highest pressures, no neutral buoyancy levels are predicted to form, and magmas are likely to emerge directly from deep reservoirs to the surface, whereas at lower pressures, typical of higher elevations, neutral buoyancy zones are predicted to form and to favor the development of shallow reservoirs and volcanic shields [Head and Wilson, 1992b ]. On Mars we need to consider both the crustal composition and structure and the influence of the low atmospheric pressure (relative to Earth) on the degassing of rising magma and the density of the erupted products in the crustal column. The crust is apparently predominantly basaltic. The shallowest crust is complicated by various processes (Figures 1 and 2 ), but in general, the basic crust should have been constructed predominantly from earlier eruptions, in which case it could be•mafic or ultramafic and its primary density influenced by the atmospheric pressure and near-surface degas sing history. Once an edifice begins to grow, the surface layers are a mix of vesicular lava flows and pyroclastics modified by in situ weathering and surface activity (Figure 1) . We assume both types of volcanic deposits are more vesicular than on Earth because of late stage degassing in the low-pressure atmosphere. The early stage degassing of the magma nearing the surface in the conduit will encourage formation of pyroclastics rather than lava flows under almost all conditions, but it is the late stage degassing at atmospheric pressure which determines the final porosity of the material deposited.
The variations of density 0(h) with depth h for basaltic volcanic regions on Earth have been obtained from seismic wave propagation measurements in Iceland and Hawaii [Hill, 1969; Gudmundsson, 1987] 
Since any increase dP in the pressure P due to an increase dh in the depth h is given by dP = Otl dh, equations ( These assumptions lead to the variations of country rock density with the depths given in Table 1 . From these, depths of neutral buoyancy levels (given in Table 2 ) are derived by interpolating to find the depth at which the country rock density is equal to the unvesiculated melt density. The table also shows the depths of neutral buoyancy levels on Mars and Venus calculated on the assumption that this depth is proportional to the planetary gravity; the calculations show that because of the nonlinear variation of density with depth, magma reservoirs on Venus will be shallower Table 1 for examples). As a result of the differences in lithospheric bulk density profile, which in turn depend on differences in both gravity and surface atmospheric pressure, magma reservoirs are expected to be shallower on Venus than on Earth, by a factor of about 2, and deeper on Mars than on Earth, by a factor of about 4 (see Table 2 ). These findings will need to be combined with information on the lateral and vertical growth of magma chambers to model the long-term development of the internal plumbing systems and topography of planetary volcanoes.
Influence of Ground Ice and Groundwater
on Ascent and Eruption of Magma As magma ascends through the shallow crust on Mars, it will interact with groundwater and ground ice with several potential consequences (Figure 3 ), examples of some of which are known on Earth. In a passive mode the magma simply advects heat to a 
Gas Exsolution at Shallow Depth and Eruption Styles
Gas release from Martian magmas will lead to a similar range of eruption styles as that encountered on Earth. The terminology used for these eruption styles is essentially identical to that employed to classify eruptions on Earth [e.g., Fisher and Schmincke, 1984], but we emphasize that the classification is based on physical processes, not on the characteristics of the eruption deposits or the landforms produced Head, 1981a, 1983; Head and Wilson, 1986 ].
Two critical events may occur as a volatile-bearing magma nears the surface and the total pressure acting on it decreases: (1) gas nucleation, where gas bubbles may begin to nucleate if the amount of the volatile present is enough to ensure a small degree of supersaturation before the magma reaches the surface, and (2) magma disruption, where the magma may disrupt into a mixture of pyroclasts and released gas if the volatile content is greater than a second limiting value [Sparks, 1978] . Table 3 shows the depths at which gas nucleation and magma disruption will occur in steady eruptions on Mars (and, for comparison, the Earth) for various volatile/magma type combinations and exsolved volatile fractions. Values are calculated using the methods given by Wilson and Head [198 l a]. As long as gas exsolution does not occur over a large fraction of the total travel distance of a magma from its source reservoir to the surface, the vesiculation process does not greatly affect the mass eruption rate, since most of the frictional energy losses occur in the regions where the liquid is nonvesicular; gas exsolution does, however, critically control the near-surface magma rise speed . Table 3 of CO2 is much less than that of H20 in all silicate melts [Mysen, 1977] , and so CO2 (or any other lowsolubility volatile) is likely to be largely degassed from any Martian magmas which have resided for significant periods at shallow depths in the lithosphere; H20
would then be the dominant volatile released from such magmas on eruption. Whenever a relatively steadily erupting magma contains sufficient volatiles to ensure that it disrupts into pyroclasts at depths of at least a few meters (•0.1 wt % on Mars or •0.3 wt % on Earth (see Table 3 )), the kinetic energy produced by expansion of the released gas automatically ensures that the smaller pyroclasts and the gas emerge from the vent at eruption speeds of at least a few tens of meters per second [Wilson, 1980] [Wilson and Head, 1981a] ). There is then time for significant coalescence of gas bubbles to occur in the rising mag-ma; since large bubbles rise buoyantly faster than smaller bubbles, a runaway process can develop in which large bubbles emerge intermittently from the vent, each bubble having swept a vertical column of magma almost clean of other bubbles. This is the origin of the strombolian eruption style in which magma erupts quietly during the intervals (from as little as one to many tens of seconds) between the explosive emergence of the large gas bubbles.
In relatively steady explosive eruptions, the style (hawaiian, plinian, or ignimbrite forming) is determined by a combination of the size distribution of the erupted clasts and the mass fraction of released volatiles in the eruption products (Figure 4 ). These factors in turn control the degree of coupling between the motions of clasts and gas, and control the bulk density of the eruption products relative to that of the surrounding atmosphere. Large clasts (whether magmatic pyroclasts or accidental lithic blocks) have a larger terminal fall velocity through the gas than smaller clasts with the same density, and high-density clasts have a larger terminal velocity than lower-density clasts of the same size; as a result, there is always a maximum size of clast of a given density which can be transported out of the vent [Wilson, 1976] .
Hawaiian eruptions occur in hot, mafic magmas when most of the magma is disrupted into clots not much smaller than this maximum eruptable size, so that they decouple quickly from the gas stream to form a fire fountain and fall relatively near the vent ( Figure  4 ). The fate of the accumulating clasts depends on their sizes and on the details of their passage through the fire fountain [Head and Wilson, 1989] . They may reach the ground cold enough to form brittle scotia deposits, hot enough to form spatter deposits, or virtually uncooled to coalesce into a lava pond which can in turn feed one or more lava flows. The upwardly directed mixture of smaller erupted clasts and magmatic gases together entrain the surrounding atmospheric gases into a convecting eruption cloud over the vent.
In contrast to hawaiian eruptions, plinian eruptions can occur in any magma type as long as most of the magma disrupts into clots so small that they are effectively locked by drag forces to the gas stream emerging from the vent. There is then no equivalent of a nearvent fire fountain. Provided the bulk density of the eruption products becomes less than the density of the atmosphere as a result of the incorporation and heating of atmospheric gases, essentially all of the eruption products ascend into an eruption cloud over the vent. It is an accidental (but very important) corollary that the small pyroclasts can transfer heat efficiently to the atmospheric gases entrained dynamically into the eruption cloud and thus maximize the buoyant convection of the cloud into the atmosphere [Wilson, 1976] . In cases where the bulk density of the eruption products leaving the vent is much greater than the atmospheric density, it can happen (especially if the vent is very wide ) that insufficient atmospheric gas is entrained and heated to overcome the effects of gravity; the erupted mixture then collapses back to the surface to form pyroclastic flows (ignimbrites).
For magmas of intermediate to silicic composition on Earth, it is commonly the case that the rise speed of the magma nearing the surface is small. This leads to extensive cooling of the parts of the magma in contact with the fissure walls and, if the event is extrusive rather than intrusive, those parts exposed at the surface, often in the form of an extrusive dome. There can then be quite efficient retention of gases released from the decompressing magma; also, the slow ascent speed allows time for the release of essentially all of the gas which must be exsolved to reduce the supersaturation to zero. These factors can lead to the slow buildup in the interior of a near-surface magma body or extrusive dome of a significant pressure in excess of the local hydrostatic pressure. The eventual failure in tension of the cooled carapace leads to the explosive decompression of the gas and its enclosing liquid matrix as an expansion wave spreads into the magma [Eichelberger and Hayes, 1982] , driving a pelean eruption (Figure 4) . The main characteristic of pelean explosions is that the maximum excess pressure in the trapped gas is limited (to values less than • 10 MPa) by the tensile strength of the cooled carapace retaining it [Wilson, 1980] . Similar characteristics apply to any other explosion driven by gas accumulation beneath a retaining layer.
Vulcanian explosions on Earth appear to be the consequence of the interaction of juvenile material with near-surface layers of water or ice [Self et al., 1979] . They differ from pelean explosions mainly in that far more coarse, nonjuvenile, lithic material is incorporated into the ejecta (Figure 4) . We confidently expect vulcanian activity to occur on Mars in view of the presence of significant amounts of near-surface ices in many regions (Figures 1-3) [Clifford, 1981 [Clifford, , 1984 [Clifford, , 1993 Squyres et al., 1992] and assume that pelean activity will occur when (and if) high-viscosity magmas approach the surface.
There is a third mechanism by which discrete explosions may occur. Whenever a lava flow advances onto ground which contains water or ice in its nearsurface layers, heat from the flow may evaporate the volatiles to produce a trapped layer of compressed gas. The pressure will rise to a value at least as large as the weight per unit area of the overlying flow, and the subsequent explosion will produce a pseudocrater in the flow [Thorarinsson, 1953] (Figure 3) . Again, this mechanism should be at least as common on Mars as the Earth. We now review in detail each of the possible effusive and explosive eruption styles which are expected on Mars in the light of its known lithospheric and atmospheric environmental properties. The Martian atmosphere is seen to be about 100 times less efficient at removing heat from exposed hot surfaces by both forced and natural convection than the Earth's atmosphere, so that radiation losses dominate on Mars even at quite low excess temperatures. Hulme [1974] showed that a combination of measurements of levee and central channel geometry could be used to infer the product of the plastic viscosity of the lava and its effusion rate. Using the known rheological properties of terrestrial melts [Shaw, 1969; Murase and McBirney, 1973] , it is possible (with caution) to use the yield strength estimated from levee geometry to infer the plastic viscosity and hence the effusion rate of a flow. Again, a wide range of values, generally consistent with mafic compositions, has been inferred for Martian lavas in this way (Table 5) We thus conclude that eruption rates may actually be closer to terrestrial values than previously thought. Therefore flow length alone is not a sufficient reason to require different models of magma generation and emplacement for Mars. Other factors, such as lithospheric structure and mobility, thermal evolution, crustal structure, and evolving edifice-reservoir dynamics, may be at least as important in explaining the differences in morphology of volcanic deposits and edifices on Earth and Mars. In all these cases, flows emanate from near the summit region, which is often characterized by a multiple caldera structure, and extend down the flanks of the structure into the surrounding lowlands. Some of the edifices are marked by distinctive rift zones, and there is evidence for flows being emplaced on the volcano flanks at later stages than the summit regions [Crumpier and Aubele, 1978] . Perhaps the most remarkable aspect of these features is the extreme length of the vast majority of their flows (typically several hundreds of kilometers). A further remarkable aspect is the extreme height of many of these edifices (up to 25 km above the surrounding terrain). The flow lengths, extreme by terrestrial standards, are plausibly interpreted to be due primarily to the combination of sphere over the vent. We first treat the general properties of eruption clouds on Mars and then consider in more detail the expected products of the various types of explosive eruption in the Martian environment.
Fruption Cloud Formation
An eruption cloud is a system in which atmospheric gases are entrained in sufficiently large amounts into the mixture of pyroclasts and magmatic volatiles released from a vent that a net positive buoyancy is created as the pyroclasts heat the atmospheric gas components. The entrainment process is most efficient when the magmatic materials emerge from a vent at high speed in a narrow jet [Wilson, 1976] ; however, as long as most of the pyroclasts have the opportunity to transfer most of their heat to the atmospheric gas somewhere in the cloud before they are released from its edge, the details of the transfer process appear to be relatively unimportant [Wilson eta!., 1978; Settle, 1978] , and the cloud behaves as though it were driven solely by the buoyancy generation [Morton eta!., 1956] . In all cases, the amount of heat injected into a cloud is proportional to the mass of material leaving the vent and to its absolute temperature.
Heights of Eruption Clouds
The maximum rise height of a cloud from a point source (conduit type) vent is then found to be proportional to the fourth root of the erupted mass flux for a maintained eruption cloud or to the fourth root of the total erupted mass for a cloud produced from a discrete explosion [ Thus for strombolian eruptions on Mars, the nucleation depth is greater than on Earth, and the bubble size and pressure is greater at the surface, but the velocity range for large particles is about the same as for the Earth (Figure 13 ). The range of velocities as a function of particle size distribution is different, however. The main difference is that while the large particles (> a few centimeters) will remain near the vent, the finer material will be more broadly dispersed and the finest material will be carried up into a convecting cloud over the vent. This means that there would be a tendency for broader deposits of fine tephra surrounding spatter cones on Mars than on Earth. On Mars, strombolian eruption deposits should consist of cones that are slightly broader and lower relative to those on Earth and with a surrounding deposit of finer material. would require an eruption rate of at least 3 x 10 6 kg s-•, and it is unlikely that sinuous rille source depressions could ever be larger than about 2 km in diameter, even at the optimum eruption rate of about 3 x 108 kg s -•. Therefore although capable of forming on Mars, sinuous rilles and associated source depressions would require very high eruption rates and sustained eruptions. Even if the small hot ponds associated with such events are not sustained at high enough rates or sufficiently long to cause thermal erosion, they may have an influence on the nature of the eruption products. For example, for a fixed gas content, if an initially very high mass flux at a vent is reduced to levels below those at which thermal erosion will take place, there will still remain a hot pond of lava up to many hundreds of meters wide surrounding the vent. If this pond continues to be fed by pyroclasts, there will be significant cooling of the pyroclasts in flight. As rootless flows develop, by overflow of the pond and incorporation of falling pyroclasts, into larger flows, their temperatures upon leaving the pond area may be substantially less than those of the pyroclasts leaving the vent. This secondary cooling phenomenon could mean that large-volume flows leaving the vicinity of pyroclastic-fed lava ponds such as these would be characterized by lower initial and subsequent flow temperatures. This could influence the interpretation of their morphology and rheology, perhaps leading to the interpretation that they were less mafic (e.g., more andesitic than basaltic) than they actually were. sent some of the youngest volcanism on Mars. All of these features identified in the literature are generally within the range of values suggested by the theoretical predictions for edifices produced by hawaiian eruptions, although there is virtually no data on cone heights. In an analysis of cinder cones on Earth, the Moon, and Mars, Wood [1979] concluded that for a given ejecta volume, Martian cinder cones have greater diameters and, on the basis of the one available measurement of cone height, that they might be only about one third as high as terrestrial cones. On the basis of theoretical predictions, cinder cones should be relatively common occurrences and accompany many volcanic eruptions on Mars, particularly those forming the multitide of flows associated with the major edifices. The absence of high-resolution images may be one factor in the lack of detection of widespread cinder cones. However, there are several other factors that might also contribute to the paucity of documented cinder cones. First, cinder cones are predicted to be broader and flatter on Mars and thus less easily recognizable and distinguishable from small shields of effusive origin. Indeed, cinder cones averaging a factor of 2 broader and a factor of 4 lower than typical on Earth will not only be harder to detect, but will be much more readily covered by subsequent flows. Second, because of the enhanced magma fragmentation on Mars, typical grain sizes in Martian hawaiian edifices should be at least 1 order of magnitude finer than on Earth, and this will result in pyroclastic material that is very susceptible to eolian erosion. These factors, coupled with an altitude effect on the major shields that would preferentially enhance dis- magma disrupts into clots so small that they are effectively locked by drag forces to the gas stream emerging from the vent. Provided the bulk density of the eruption products becomes less than the density of the atmosphere as a result of the incorporation and heating of atmospheric gases, essentially all of the eruption products ascend into an eruption cloud over the vent (Figure 4) . Small pyroclasts can transfer heat efficiently to the atmospheric gases entrained dynamically into the eruption cloud and thus maximize the buoyant convection of the cloud into the atmosphere [Wilson, 1976] . In cases where the bulk density of the eruption products is much greater than the atmospheric density, insufficient atmospheric gas is entrained and heated to overcome the effects of gravity, and the erupted mixture collapses back to the surface to form pyroclastic flows ; these cases will be discussed later.
Comparison to observations. Candidates for Martian spatter cones have been mapped by
As a basis for our predictions about plinian fall deposits we use Figure 19 This could, in principle, lead to more frequent episodes of vent clogging, pressure buildup, and abrupt vent clearing in Martian plinian eruptions, but we expect that the increased magma fragmentation due to the lower atmospheric pressure will completely compensate for this. The net consequence of the lower atmospheric pressure therefore is that Martian plinian deposits (of any magma composition) will be systematically finer grained than plinian fall deposits on Earth by a factor of about 100. They will be almost entirely subcentimeter in size, except within a few hundred meters of their vents, and even there, clasts coatset than several centimeters should be rare.
An interesting consequence of these conditions is that basaltic plinian eruptions, rare on Earth, should be relatively common on Mars. The combination of the lower atmospheric pressure causing systematically finer grained pyroclasts and the rapid acceleration of the spray of pyroclasts and released gas above the fragmentation level (essentially independent of the viscosity of the magmatic liquid) would encourage many basaltic eruptions that would be hawaiian on Earth to be plinian on Mars.
Observations Values are given in meters for various combinations of eruption mass flux and magma volatile (H20) content. 
Pyroclastic Flow Formation
4.7.1. Background and theory. For all plausible magma volatile contents, the bulk density of the gas/ pyroclast mixture emerging from a vent will be denser than that of the surrounding atmosphere . Specifically, the exsolved gas content would have to be greater than about 16 wt % to make the densities comparable. In a density-stratified atmosphere, such as that of both Mars and Earth, an eruption cloud can only convect in a stable manner if sufficient atmospheric gas is incorporated into the lower part of the cloud and heated by the entrained pyroclasts to provide enough positive buoyancy to overcome the negative buoyancy of the eruption products. Furthermore, this entrainment must occur before the negative buoyancy causes the upward velocity to decay to a negligible value. This is only possible if the magma volatile content is sufficiently large or the mass eruption rate sufficiently small, and the critical volatile content for any given eruption rate can be calculated using methods given by Sparks et al. [ 1978] On Earth, both plinian ash fall activity and pyroclastic flow formation are mainly associated with silicic magmas, essentially because of their tendency, driven by their rheological response to water exsolution, to fragment into fine-grained clasts when explo-sively disrupted. In the plinian mode this causes most of the magmatic clast size distribution to remain locked to the erupted gases long enough to be entrained into the vigorously convecting eruption cloud; the coarser-grained clasts formed in mafic eruptions, by contrast, largely avoid entrainment into an eruption cloud and form a near-ballistic lava fountain over the vent. In the ignimbrite mode at high mass eruption rates, where the gas/clast mixture collapses back to the ground near the vent, the rheology of silicic magmas minimizes clast coalescence. We have argued in section 2.5 that magma fragmentation should be more thorough on Mars than on Earth, and this should certainly lead to the relatively more common occurrence of mafic plinian deposits. The calculations summarized in Figure 19 show that for a given initial magma volatile content, eruption speeds are a factor of at least 1.5 higher on Mars, and so the fountains feeding pyroclastic flows will be rather more than twice as high as on Earth, the rise height being proportional to the square of the eruption speed [Wilson and Heslop, 1990] . The travel times of the materials in the outer parts of these fountains will be correspondingly 1.5 times longer than on Earth, and so, in terms of both time and distance, there will be a greater opportunity for mixing with the surrounding atmosphere and significant cooling of pyroclasts. Although hard to quantify without detailed numerical models (which have so far only been applied to terrestrial conditions [e.g., Valentine and Wohletz, 1989]), these facts suggest that basaltic pyroclastic flow deposits, as opposed to welded spatter deposits or rheomorphic (rootless) lava flows, should be significantly more common products of high mass flux basaltic eruptions on Mars than on Earth.
It is not easy to predict the distances to which pyroclastic flows may travel on Mars: the ran-out process is not very well understood on the Earth as a result of uncertainties about the rheological properties of pyroclastic flows [Hayashi and Self, 1992] . However, energy conservation arguments [Sheridan, 1979 [Sheridan, , 1980 Malin and Sheridan, 1982] suggest that the final travel distance should be proportional to the square of the eruption velocity in the vent. The calculations summarized in Figure 19 show that for a given initial magma volatile content, eruption speeds are typically a factor of at least 1.5 greater on Mars than Earth, and so pyroclastic flow travel distances may be a factor of about 3 greater, leading to values up to at least a few hundred kilometers (Figure 23 Table 7 shows some examples for Mars and the Earth. These indicate that fluid dynamic support for clasts would allow much larger clasts (by a factor of about 4) to be ejected from vents on Mars than on Earth. However, these potential clast sizes are so large that in practice, it is the size of the vent which acts as the limit on Mars. As a result, the maximum sizes of clasts expected in lag deposits on Mars are only up to twice those of terrestrial counterparts; diameters of about 20 to 60 m are possible for lithic clasts if exsolved magma volatile contents lie in the range 1 to 3 wt %. In lag deposits, such clasts would be embedded in the vastly finer grained matrix formed by the juvenile pyroclasts but, if partly exhumed by aeo- Note that n is the exsolved magmatic water content; n•, and rt r are the implied total amounts of water in a basalt or rhyolite melt, respectively; Pv is the gas pressure in the vent; Uv is the upward speed of the gas- The rise heights and widths of convecting eruption clouds from both of these explosion types should be much greater (by a factor of about $ for the reasons given earlier for plinian eruption clouds) than for corresponding terrestrial events, and the dispersion of pyroclasts of a given size and density from the clouds will be somewhat greater (by a factor of about 3). The expansion geometry of the eruption clouds formed in discrete explosions (more nearly radial than in steady eruptions [Nairn, 1976] (Figures 2 and 3) and that the interaction of intrusive and extrusive processes with these layers has had an important effect on near-surface processes. Magma rising to the surface may (1) stall at neutral buoyancy zones and produce large reservoirs, (2) be emplaced as a discrete dike or sill at shallow levels, and (3) continue to the surface to form Although not treated by Squyres et al. [1987] , this same geometry can also lead to the explosive release of water vapor generated during substrate melting and to the disruption of the lava flow to cause rootless pyroclastic deposits and cones (pseudocraters) on the flow surface [Thorarinsson, 1953] . A more complex case is injection of a sill into ice-rich permafrost. The area below the sill is identical to the surface lava flow case, while in the area above the sill, the boundaries propagate upward and the water generated migrates downward and undergoes vaporization once it reaches regions where the temperature exceeds the boiling point. Therefore liquid water is only generated once the temperatures everywhere above the sill are less than the boiling temperature. Because of the lack of a "free" surface, cooling takes place much more slowly than for the flow case and significantly more liquid and vapor are generated by the sill. For a sill thickness of 10 m at a depth of 100 m in a substrate that is 25% ice, the thickness of the water column is substantially greater than the thickness of the sill, by a factor of about 2-4 ( Figure 5 ). When the burial depth is less than approximately the sill thickness, considerable heat is lost to the surface, reducing the total column thickness. Thus sill injection into an ice-rich substrate can form net depressions Figure 3a) .
Maars are one distinctive type of volcanic landform that does not appear to be prominent on Mars. On Earth, maars are broad, low-rimmed volcanic craters that typically result from phreatic or phreatomagmatic eruptions. Maars form when rising magma interacts explosively with groundwater or surface water [Lorenz, 1973] . Maar deposits may contain little to no magmatic material (phreatic) or a mixture (phreatomagmatic), and they grade into tuff rings and tuff cones [Cas and Wright, 1987] . The lack of identification of abundant maars on Mars may be due to several factors, including similarity to degraded impact craters and erosion of fragmental and poorly welded deposits. One additional important factor, however, may be the lack of shallow groundwater and standing bodies of water over much of Martian history. If a cryosphere characterizes the upper several kilometers of the Martian crust [Clifford, 1993] , then ascending magma will interact with ice, rather than groundwater, and this will considerably reduce the probability of phreatic or phreatomagmatic eruptions operating continuously enough to cause maars. However, earlier conditions on Mars may have differed, and maar deposits should be searched for wherever near-surface liquid water is suspected. Variations in the style of volcanism with time have also been proposed, with early volcanism being characterized by more volatile-rich magma and later by volatile-depleted magma [Francis and Wood, 1982] . However, local depletion of groundwater reservoirs [e.g., Greeley and Crown, 1990; Crown and Greeley, 1993] seem to be at least as likely a candidate for these changes in time as are fundamental changes in the primary magmas. More detailed models of mantle depletion with time would be useful to make further progress in this area.
Changes in the Atmosphere With Time
Calculations of theoretical eruption conditions were carried out on the basis of present-day Martian atmospheric conditions, and workers basing interpretations of ancient deposits on these calculations should bear this in mind. Although there is some evidence that the Martian atmosphere has evolved with time from an early, warmer, wetter climate, many advocate models in which there has been very little change with time (see reviews by Owen [1992] and Clifford [1993] ). A significant corrolary is that very large quantities of volatiles may have been injected into the atmosphere periodically by the explosive or hydromagmatic eruptions. Robinson et al. [1993] estimate that about l0 is kg of juvenile H20 were emplaced into the Martian atmosphere during the formation of Apollinaris Patera, a quantity in excess of the current total atmospheric water budget. These and other magmatic gases would have considerable influence on the general trends of atmospheric evolution and on atmosphere-surface interactions. For example, water released into the Mars atmosphere by such eruptions will rapidly condense on the surface as ice; upon saturation, further contributions will eventually be cold-trapped at the poles [Clifford, 1993] .
Compositional Interpretation of Volcanic Deposits
Remote sensing data and meteorites provide evidence for the composition of the Martian crust, but neither can be associated directly with individual lava flows or deposits. Thus morphology and morphometry of volcanic deposits have sometimes been used to interpret their composition. Our theoretical analysis shows that the influence of environmental conditions on eruption styles may be significant in the interpretation of composition. For example, extremely long lava flows are predicted to be primarily a consequence of Martian gravity and cooling conditions rather than viscosity and compositional factors. The production of large-scale plinian deposits may not signal the presence of more silicic compositions but, rather, may be linked to the enhanced gas exsolution and magma fragmentation of basaltic magma in the Martian environment or to the interaction of basaltic magma with groundwater. The lack of steep-sided domes potentially formed by viscous, more silicic magma cannot be cited as conclusive evidence for the absence of this composition, because enhanced magma disruption in the Martian environment may largely preclude the formation of this type of landform.
Contribution to Surface
Sedimentary Deposits Martian eruption conditions (low atmospheric pressure) favor significant gas exsolution, higher rise speeds near the surface, enhanced magma disruption, and systematically finer grained pyroclasts. These conditions mean that virtually every eruption of volatile-containing magma, regardless of composition, will be accompanied by a fine-grained pyroclastic deposit component. Many eruptions (e.g., the plinian style) will be responsible for the production of vast quantities of fine-grained tephra, the injection of it into the atmosphere, and the lateral emplacement of it for up to several hundreds of kilometers as air fall and pyroclastic flow deposits. Martian plinian deposits of any magma composition will be systematically finer grained than plinian fall deposits on Earth by a factor of about 100. These same phenomena will favor the more common occurrence of basaltic plinian eruptions on Mars relative to the Earth. All of these factors mean that very fine grained volcanic ash should be extremely common and widespread and of a grain size susceptible to further eolian transport.
On Earth, volcanic eruption of basalt into an H20-rich environment or subsequent alteration of basaltic ash can produce palagonite, an amorphous felTiC iron silica gel. The Martian environment, with its abundant evidence of the interaction of ascending magma and water (Figure 3 
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